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Edited by Peter BrzezinskiAbstract Bacillus subtilis heme A synthase is a membrane pro-
tein with 8 transmembrane segments. By using a two-step muta-
genesis approach we have generated and selected a fully
functional enzyme protein variant with a seven residue internal
deletion. The biochemical properties of the shortened variant
are similar to those of the normal enzyme. This could indicate
that residue H209 in the mutant protein substitutes for the miss-
ing H216 as an axial ligand to the heme iron. Our results provide
insight in routes of membrane protein evolution and the structure
of heme A synthases.
 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Evolution of a protein into a stable variant with altered
structure and functional properties generally requires several
mutations that are introduced stepwise along a so called evo-
lutionary trajectory [1]. One category of such evolution is the
emergence of antibiotic resistance in bacteria, where an initial
mutation (in, e.g., a protein-coding gene) confers decreased
susceptibility to the action of the antibiotic but decreased ﬁt-
ness of the organism. Additional mutations that increase ﬁt-
ness are then accumulated in the same gene or other genes
[2]. In this work we have promoted the evolution of an integral
membrane-protein that functions in heme A biosynthesis.
Heme A is a prosthetic group of cytochrome a, and is, there-
fore, essential for the function of respiratory oxidases in many
organisms. Synthesis of heme A is catalysed by heme A syn-
thase (HAS) which is an integral membrane-bound enzyme
[3]. In most organisms, HAS comprises a single polypeptide
chain with eight transmembrane segments. A few Archaea,
e.g. Aeropyrum pernix, have a so called compact variant of
the HAS polypeptide. This protein is about half the size, with
only four transmembrane segments, and seemingly forms a
homo-dimer in the membrane [4]. The HAS of the gram-posi-
tive bacterium Bacillus subtilis is encoded by the ctaA gene [5].
The CtaA protein has eight transmembrane segments (see
Fig. 1A) and, as isolated, contains low spin protoheme IX
(heme B) but is also sometimes associated with the enzyme*Corresponding author. Fax: +46 (0) 46 2224113.
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doi:10.1016/j.febslet.2008.03.015product, heme A [6,7]. In previous work we replaced individu-
ally four conserved histidine residues of B. subtilis CtaA (H60,
H123, H216 and H278) with leucine and methionine, in order
to analyse the role of these residues [6]. The data suggested that
H216 functions as an axial ligand to heme iron. The H216M
variant was found to bind heme O (enzyme substrate), proba-
bly with methionine as an axial ligand, but was defective in
heme A synthesis and accumulated a mono-hydroxylated reac-
tion intermediate, heme I.
Here we have made use of the CtaA-H216M variant to pro-
mote the selection of a novel CtaA polypeptide variant in
which seven internal residues are deleted, but which is fully
functional in heme A synthesis. The results illustrate and ex-
plain how an integral membrane protein can evolve via
sequential intragenic mutational steps. In addition, our ﬁnd-
ings lend further support to the proposed functional role of
H216 as an axial ligand to heme iron in B. subtilis HAS.2. Materials and methods
2.1. Bacterial strain, plasmids and primers
B. subtilis LMT20R (trpC2, rex-10, DctaA::spc) completely lacks the
ctaA gene [6]. Plasmids used in this work are listed in Table 1. Oligo-
nucleotides used as primers for ampliﬁcation of the ctaA gene were
ctaA1 and ctaAHIA [6] and primers used in DNA sequencing were
H123L (5 0-GATTATGGCGCTTCTTTTCGGCATCTCATTAATT-
TC) and CTAA10 (5 0-AGAACGCCAAACAGACAG).
2.2. Growth of bacterial cultures
B. subtilis LMT20R containing diﬀerent plasmids was grown in LB
[8] or NSMP (nutrient sporulation medium with phosphate) [9] supple-
mented with 0.5% glucose and chloramphenicol, 4 lg/mL, or on TBAB
(tryptose blood agar base) (Difco) supplemented with antibiotic. Cells
for cytochrome c oxidation activity analysis were grown in NSMP
without glucose. Liquid cultures were grown at 37 C in 1 L medium
in 5 L baﬄed E-ﬂasks at 200 rpm on a rotary incubator.
2.3. Chemical mutagenesis
An over night culture of B. subtilis LMT20R/pH216M was used to
inoculate 50 mL LB and the culture was grown at 37 C to exponential
growth phase. The cells were pelleted by centrifugation, suspended in
LB and treated with 5% (v/v) ethyl methanesulfonate (EMS) at
30 C, over night. EMS-treated cells were washed three times using
50 mM potassium phosphate buﬀer, pH 7.0, and then stored frozen
in 25% (v/v) glycerol at 70 C.
2.4. Miscellaneous techniques
N,N,N 0,N 0-tetramethyl-p-phenylenediamine (TMPD)-oxidation
staining of colonies on TBAB plates was done as described before
[10,11]. Plasmids were extracted from cells using the E.N.Z.A plasmid
Miniprep kit (Omega Bio-Tek) and B. subtilis cells were transformed
after being grown to natural competence as described by Hoch [12].
Sequence analysis of the ctaA gene in plasmid was done by ﬁrstblished by Elsevier B.V. All rights reserved.
Fig. 1. Evolution of a shortened CtaA polypeptide: (A) Schematic drawing of the B. subtilis wild type CtaA (CtaA-wt) and two variants (CtaA-
H216M and CtaA-D211–217). The variants were obtained in two steps; by site-directed mutagenesis and random mutagenesis and selection,
respectively. Transmembrane a-helices are numbered I–VIII. Invariant histidine residues are indicated by black dots and residue number. A not
conserved histidine residue, H209, is indicated by a circle. In the CtaA-H216M variant, residue M216 is indicated by a black square. + and  denote
outside and inside of the cellular membrane, respectively. (B) Partial amino acid sequence of the CtaA-H216M and CtaA-D211–217 variants. The
deletion of residues 211–217 is indicated. Residues 209 and 216 are high-lighted.
Table 1
Plasmids used
Plasmid Properties Source or
reference
pHPKS Cloning vector; CamR, EryR [23]
pCTHI10 pHPKS derivative with wild
type ctaA under its native promoter
and encoding a His6-tagged CtaA;
[6]
CamR, EryR
pH216M pCTHI10 derivative encoding
CtaA-H216M;
[6]
CamR, EryR
pH216MS Obtained from pH216M and carries a
21 bp deletion in ctaA; CamR, EryR
This work
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PCR product was sequenced at MWGGmbH (Martinsried, Germany)
using primers CTAA10 and H123L. Membranes were isolated as
described before [13] and used for cytochrome c oxidase activity mea-
surements [14], spectral analysis [15] and analysis of heme composition
using HPLC [6]. Aﬃnity puriﬁcation of CtaA, heme extraction from
membranes and isolated protein were done as previously described
[6]. The redox potential of isolated CtaA-wt and CtaA-D211–217
was analysed as before [7], with the exceptions that the heme content
of the samples was between 1 and 3 lM, the absorption spectrum
was recorded between 500 and 650 nm using an OLIS DW-2 spectro-
photometer and the redox potential was measured using an ORP-146
Micro combination redox electrode (LAZAR), which was calibrated
using horse heart cytochrome c (Em,7 = +178 mV ) and quinhydrone
(Em,7 = +286 mV ). Redox titrations were repeated three times for each
protein variant.3. Results and discussion
3.1. Chemical mutagenesis of B. subtilis LMT20R/pH216M
B. subtilis LMT20R is deleted for the ctaA gene and, there-
fore, completely blocked in heme A synthesis. Strain LMT20Rcontaining plasmid pCTHI10, which encodes wild-type CtaA
with a C-terminal hexa-histidyl tag (added to facilitate puriﬁ-
cation of the protein), exhibited normal heme A synthesis [6].
Plasmid pH216M is identical to pCTHI10 except that it en-
codes a CtaA variant in which histidine residue 216 is replaced
by methionine. CtaA-H216M produced in LMT20R/pH216M
has very low activity [6].
To ﬁnd mutations in the ctaA gene of plasmid pH216M that
result in restoration of HAS activity, B. subtilis LMT20R/
pH216M cells were subjected to mutagenesis using EMS.
The three nucleotide substitutions in codon 216 of the ctaA
gene in pH216M (CAC to ATG) make back reversion to the
wild type sequence unlikely. The survival of cells, determined
as colony forming units on TBAB plates, was 0.01% after
treatment with 5% EMS. Approximately 850 colonies of sur-
viving cells were screened for active HAS using the TMPD-oxi-
dation staining method. TMPD is an artiﬁcial electron donor
that is oxidised by cytochrome caa3 in the respiratory chain
of B. subtilis. TMPD-oxidation staining of colonies therefore
provides an indirect measurement of heme A synthesis in the
cell. One TMPD-oxidation positive clone was obtained. Plas-
mid from that clone was extracted and used to transform B.
subtilis LMT20R to chloramphenicol resistance. The resulting
transformants were TMPD-oxidation positive, showing that
the mutation in the original clone was plasmid-born. The plas-
mid of one transformant was kept and denoted pH216MS.
3.2. Intragenic deletion in ctaA
DNA sequence analysis of the entire ctaA gene in plasmid
pH216MS revealed a 21 bp deletion within the polypeptide-
coding region. This results in the loss of seven residues in the
predicted loop on the extra-cytoplasmic side of the membrane,
connecting transmembrane helices V and VI in CtaA, see
Fig. 1A. Notably, the deletion includes residue 216 (Fig. 1B).
The shortened CtaA polypeptide is denoted CtaA-D211–217.
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and cytochrome c oxidase activity
B. subtilis has two heme A-containing terminal respiratory
oxidases; cytochrome aa3 and caa3 [16,17]. Due to the presence
of a third terminal oxidase, cytochrome bd, that contains heme
B and heme D, B. subtilis cells can grow in the absence of heme
A but growth is negatively aﬀected. Strains LMT20R/
pH216MS and LMT20R/pCTHI10 (wild type CtaA) both
grew like the wild type strain on solid and in liquid media,
whereas strains LMT20R/pH216M and LMT20R/pHPKS
(no CtaA) showed impaired growth. The normal growth phe-
notype of LMT20R/pH216MS indicated that the shortened
CtaA variant is fully functional.
3.4. Heme and cytochrome contents of LMT20R/pH216MS
membranes
TMPD-oxidation staining of colonies only provides semi-
quantitative information about oxidase activity. We therefore
determined cytochrome c oxidase activity of isolated mem-
branes. The activity in LMT20R/pH216MS was similar to that
of LMT20R/pCTHI10, approximately ﬁve times higher than
that found in LMT20R/pH216M and more than tenfold higher
than that in the negative control, LMT20R/pHPKS, mem-
branes (Table 2). These ﬁndings veriﬁed that the CtaA-
D211–217 variant encoded by pH216MS is active in heme ATable 2
CtaA protein variants produced in B. subtilis strain LMT20R
containing diﬀerent plasmids and cytochrome c oxidase activity of
isolated membranes
Plasmid CtaA protein
variant
Cytochrome c oxidase activity of
membranes (nmol oxidized
cytochrome c/min ·mg protein)a
pCTHI10 CtaA-wt 31
pH216M CtaA-H216M 6
pH216MS CtaA-A211–217 38
pHPKS – 2
aThe value for LMT20R/pH216M is taken from a previous study [6].
Fig. 2. Light absorption spectra of membranes from diﬀerent B. subtilis str
diﬀerence spectra (dithionite-reduced minus ferricyanide-oxidised) of memb
pCTHI10; trace II (dashed line), LMT20R/pH216MS; trace III (dotted line
vertical lines and the absorbance scale is indicated by the bar. The cuvettes c
temperature diﬀerence (dithionite-reduced minus ferricyanide-oxidized) spec
600 nm are indicated by vertical lines and the absorbance scale is indicatedsynthesis and supports assembly of normal levels of cyto-
chrome caa3.
The heme A and heme B contents of membranes isolated
from LMT20R/pH216MS and LMT20R/pCTHI10 were simi-
lar (HPLC proﬁles not shown). The contents were diﬀerent
from that of LMT20R/pH216M membranes, which, in addi-
tion to heme B, contained heme O and heme I and lacked
detectable amounts of heme A. As expected, heme A and heme
I were not found in membranes of the CtaA-deﬁcient strain
LMT20R/pHPKS.
Heme B in membrane-bound CtaA-wt shows a split absorp-
tion peak at 556 nm in reduced minus oxidised light absorption
spectra recorded at low temperature (77 K) [5]. Several B. sub-
tilis cytochromes, including cytochrome c, cytochrome bc,
cytochrome bd and cytochrome b of the succinate:menaquin-
one oxidoreductase, have absorption peaks in the 550–
558 nm region [17,18]. Overlapping spectra of these diﬀerent
cytochromes can be seen in the spectrum of membranes iso-
lated from strain LMT20R/pHPKS that lack CtaA (Fig. 2A,
trace III). Membranes from strain LMT20R/pH216MS
showed an additional split peak in the 556 nm region, similar
to that of wild type CtaA in LMT20R/pCTHI10 membranes
(Fig. 2A, traces I and II). The absorption at about 620 nm,
which is of varying intensity in the spectra, originates from
cytochrome bd [19]. The absorption peak at about 600 nm ob-
served in the spectra of LMT20R/pCTHI10 and LMT20R/
pH216MS membranes is due to cytochrome a [20]. This peak
was missing in the spectra of LMT20R/pH216M [6] and
LMT20R/pHPKS (Fig. 2A, trace III), but was present in spec-
tra of LMT20R/pH216MS membranes, conﬁrming the pres-
ence of heme A in assembled cytochrome a in this strain.
The split peak at 556 nm indicated that heme-coordination
in CtaA-wt and CtaA-D211–217 is similar.
3.5. Features of isolated CtaA-D211–217
The shortened CtaA protein variant was puriﬁed from
LMT20R/pH216MS membranes using the non-ionic detergent
Thesit for solubilization and Ni-NTA for aﬃnity chromatog-
raphy. The resulting preparations contained mainly CtaAains and isolated CtaA protein variants. (A) Low temperature (77 K)
ranes containing overproduced CtaA. Trace I (full line), LMT20R/
), LMT20R/pHPKS. In the spectra, 556 and 600 nm are indicated by
ontained 5 mg protein per mL and the light path was 4 mm. (B) Room
tra of isolated CtaA-wt and CtaA-D211–217. In the spectra, 559 and
by the bar.
Fig. 5. Redox titration proﬁles of puriﬁed CtaA variants. The
midpoint potential of heme absorbing at 559 nm in preparations of
CtaA-wt (1.3 lM heme, black squares) and CtaA-D211–217 (2.8 lM
heme, white triangles) were analysed as described in Section 2.
Fig. 3. SDS–PAGE of CtaA preparations obtained using aﬃnity
chromatography. Lane 1, size marker (MultiMark, Novex); lane 2,
CtaA-wt; and lane 3, CtaA-D211–217. The mass of polypeptides in the
size marker are indicated and CtaA polypeptide is indicated by an
arrow. The gel was stained for protein using Coomassie Brilliant Blue.
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molecular mass were also present (Fig. 3). The 34 kDa
CtaA-wt protein migrates as a 23 kDa protein [5]. The CtaA-
D211–217 33 kDa polypeptide migrated according to this low-
er mass (Fig. 3) and no signiﬁcant diﬀerences between CtaA-wt
(isolated in parallel from LMT20R/pCTHI10) and the CtaA-
D211–217 variant were observed with respect to protein yield
upon puriﬁcation or stability during storage on ice. Further-
more, the heme contents of the preparations were similar, i.e.
both contained heme A, heme B and heme O (Fig. 4).
The light absorption spectrum of isolated CtaA-D211–217
was similar to that of CtaA-wt, but with some exceptions
(Fig. 2B). The room temperature diﬀerence spectra (reduced
minus oxidized) of both proteins showed absorption peaks at
429, 530 and 559 nm. The spectrum of CtaA-D211–217 showed
a shoulder at 443 nm (not shown) and substantial absorption
at 600 nm (Fig. 2B). These features were not observed in spec-Fig. 4. HPLC proﬁles of heme extracted from preparations with
isolated wild type CtaA and shortened CtaA. The positions in the
chromatogram where heme B, heme O and heme A elute are indicated.tra of CtaA-wt (Fig. 2B) or CtaA-H216M [6] and are reminis-
cent of the spectrum of heme a in cytochrome a [16].
The midpoint redox potential of heme in the CtaA-D211–217
variant, determined through the absorbance of the reduced
state at 559 nm, was found to be approximately 15 mV lower
than for the wild type protein (Fig. 5). The observed midpoint
potential of heme in CtaA-wt, 168 ± 10 mV, is diﬀerent from
that determined previously [7]. This diﬀerence might be due
to the C-terminal hexa-histidyl tag present in the CtaA ana-
lysed in this work, or to the use of very diﬀerent procedures
for puriﬁcation of CtaA (one step aﬃnity chromatography in
this work and several chromatographic steps in previous work).
3.6. Conclusion
HAS catalyses modiﬁcation of heme O, i.e. the oxygenation
and oxidation of a methyl side group on the porphyrin, result-
ing in heme A [3]. Little is known about the structure and en-
zyme mechanism of HAS. We have proposed previously that
residue H216 in B. subtilis CtaA functions as an axial ligand
to heme iron [6]. CtaA with a methionine residue at position
216 binds heme O (probably with M216 as axial ligand to
the iron) but has very low HAS activity and accumulates a
reaction intermediate, heme I [6]. Here, by chemical mutagen-
esis of B. subtilis strain LMT20R/pH216M, which lacks nor-
mal ctaA and produces the CtaA-H216M variant from
plasmid-borne ctaA, and screening for HAS activity, we have
generated a mutant ctaA gene encoding a shortened, but fully
functional, CtaA. The protein variant is deleted for 7 internal
residues compared to wild type and the deletion encompasses
residue 216 (Fig. 1). The heme content, spectral properties
and heme midpoint redox potential of the CtaA-D211–217 var-
iant were found to be similar to those of CtaA-wt, indicating
that the heme-environment is essentially the same in the two
proteins. As judged from the deduced topology of CtaA in
the cytoplasmic membrane, it is possible that the deletion of
residues 211 to 217 brings residue H209 into the position cor-
responding to H216 in the wild type protein to function as ax-
ial heme ligand. Such a substitution is consistent with the
essential function of H216 in wild type CtaA [6]. The histidine
at position 209 is probably not important for activity of the
1334 A. Lewin, L. Hederstedt / FEBS Letters 582 (2008) 1330–1334wild type protein because this residue is not conserved in HAS.
It is present only in orthologs of closely related Bacillus species
such as Bacillus cereus and Geobacillus stearothermophilus.
Suppressor mutations that restore protein function are
rarely intragenic deletions. Most multi-residue internal dele-
tions in polypeptides probably result in defective or function-
ally altered proteins. Deletions in membrane proteins can
also aﬀect the trans-membrane topology, cf. [21]. From poly-
peptide sequence comparisons one can trace the evolution of
some membrane proteins or their domains [22]. However, we
have not found any published report describing a case where
the evolutionary trajectory of a membrane protein has been ex-
actly followed by experiment. CtaA with 8 transmembrane seg-
ments most likely originated from the duplication and fusion
of a primordial gene encoding a protein with 4 transmembrane
segments similar to cCtaA of A. pernix [4]. The two halves of
the fusion protein have over time diverged in sequence to opti-
mise the properties of the protein for function in a particular
type of cell. The shortened B. subtilis CtaA protein obtained
in this work as the result of a two-step promoted evolution
can be viewed as a possible future direction in the evolution
of HAS in Bacillus species under natural conditions.
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